Exploring high-density baryonic matter: Maximum freeze-out density by Randrup, J. & Cleymans, J.
EPJ manuscript No.
(will be inserted by the editor)
Exploring high-density baryonic matter:
Maximum freeze-out density
Jørgen Randrup1 and Jean Cleymans2
1 Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
2 UCT-CERN Research Centre and Department of Physics, University of Cape Town, South Africa
Received: date / Revised version: date
Abstract. The hadronic freeze-out line is calculated in terms of the net baryon density and the energy
density instead of the usual T and µB . This analysis makes it apparent that the freeze-out density exhibits
a maximum as the collision energy is varied. This maximum freeze-out density has µB = 400− 500 MeV,
which is above the critical value, and it is reached for a fixed-target bombarding energy of 20− 30 GeV/N
well within the parameters of the proposed NICA collider facility.
PACS. 25.75.-q Relativistic heavy-ion collisions
Over the past decade a striking regularity has been
established in relativistic nuclear collisions: From the low-
est beam energies to the highest, the yields of various
hadronic species are consistent with the assumption of
chemical equilibrium [1,2,3,4,5]. Analyses of the exper-
imentally obtained hadronic yield ratios at a variety of
collision energies have shown that the data can be well re-
produced within the conceptually simple statistical model
that describes an ideal hadron resonance gas in statistical
equilibrium. Furthermore, the extracted freeze-out values
of the temperature T and the baryon chemical potential
µB exhibit a smooth and monotonic dependence on the
collision energy and can be simply parametrized.
The collision energy thus plays a determining role for
the thermodynamic properties of the freeze-out state in
relativistic nuclear collisions. However, there is no simple
relationship between the collision energy and the freeze-
out value of the (net) baryon density: At low energies the
freeze-out density increases with the energy, whereas it
decreases when the energy is high due to the onset of nu-
clear transparency. Thus there must exist a certain range
of collision energies within which the freeze-out values of
the net baryon density displays a maximum.
The optimal collision energy leading to this highest
freeze-out density was discussed in [6] on the basis of the
up-to-date results on the properties of the final state. It
was pointed out there that since neither µB nor T is sub-
ject to a conservation law they may be less suitable in a
dynamical context. Furthermore, when a first-order phase
transition is present, they become multivalued functions
of the basic mechanical variables ρB (net baryon density)
and ε (energy density) inside the mixed-phase region. It is
therefore of interest to reexpress the thermodynamic vari-
ables in terms of those mechanical densities. Accordingly,
we considered in [6] how the freeze-out line appears when
represented in terms of the basic baryon and energy den-
sities, rather than chemical potential and temperature.
We present here updated and refined results using the
latest version of THERMUS [8] together with an updated
input of hadronic resonances [9]. The calculations in [6]
were made without including any effects of the hadronic
interactions at freeze-out. Because those may significantly
affect the results (but not the qualitative features), we
also present results that take approximate account of the
interactions by means of an excluded volume. The hard
core radius for the excluded volume was chosen to be c =
0.3 fm for all hadrons. The results for c = 0.6 fm are
also shown. A comprehensive analysis of the effects of a
hard-core radius was first presented in [7].
In [6], we presented the freeze-out line in terms of the
net baryon density ρB and the total energy density ε. We
employ below, in Fig. 1, the corresponding (ρB , ε
∗) rep-
resentation, where the “excitation energy density” ε∗ ≡
ε−mNρB is the energy density above the minimum value
mNρB dictated by the specified net baryon density. Thus
ε∗ has both compressional and thermal contributions.
We also show, in Fig. 2, the corresponding (ρB , T ) di-
agram, because the freeze-out temperature T is perhaps
more easily grasped than the excitation energy density ε∗.
These novel representations of the freeze-out line bring
out very clearly that there is a maximum value of the net
baryon density: At the highest collision energies, freeze-
out occurs for a negligible value of ρB and at an en-
ergy density of nearly one half GeV/fm3; then, in the
range of µB = 400 − 500 MeV (and a temperature of
T = 140 − 130 MeV), the freeze-out line exhibits a back-
bend and approaches the origin. Thus, the net baryon den-
sity at freeze-out has a maximum value which amounts
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Fig. 1. The hadronic freeze-out line in the ρB − ε∗ phase
plane as obtained from the values of µB and T that have
been extracted from the experimental data [2]. The calcula-
tion employs values of µQ and µS that ensure 〈S〉 = 0 and
〈Q〉 = 0.4〈B〉 for each value of µB . The solid circles correspond
to the results of [6] that were obtained without using any ex-
cluded volume, while the solid squares show the corresponding
results calculated with an excluded volume having a radius of
c = 0.3 fm. The diamonds were obtained with c = 0.6 fm. Each
point is labeled by the collider beam energy (in GeV/N) for
which the particular freeze-out conditions are expected.
to about three quarters of the familiar nuclear saturation
density of ρ0 ≈ 0.16 fm−3.
The fact that the freeze-out value of the net baryon
density exhibits a maximum as the collision energy is be-
ing scanned suggests that the corresponding collision en-
ergy (range) is optimal for the exploration of compressed
baryonic matter. Based on the present calculations, this
infered optimal collision energy is
√
sNN = 5.6− 7.8 GeV
for a collider (such as RHIC at BNL or NICA at JINR).
The corresponding optimal beam kinetic energy is 15 −
30 GeV per nucleon for a fixed-target configuration (such
as FAIR at GSI).
The results presented here should provide valuable guid-
ance for establishing the desired capabilities of the planned
NICA at JINR. In particular, our results suggest that
0.04 0.08 0.12 0.16
Net baryon density ρB (fm
-3)
0.00
0.05
0.10
0.15
0.20
Te
m
pe
ra
tu
re
 T
 
(G
eV
)
2
4
6
8
1012
162030
4060
2
4
68
1012
162030
Hadronic freeze-out
S = 0  &  Q/B = 0.4
no 
exc
lude
d vo
lum
e (c =
 0)
c =
 0.3
 fm2
4
6
810
c 
=
 0
.6
 fm
Fig. 2. The hadronic freeze-out line in the ρB − T phase
plane as obtained from the values of µB and T that have
been extracted from the experimental data [2]. The calcula-
tion employs values of µQ and µS that ensure 〈S〉 = 0 and
〈Q〉 = 0.4〈B〉 for each value of µB . The solid circles correspond
to the results of [6] that were obtained without using any ex-
cluded volume, while the solid squares show the corresponding
results calculated with an excluded volume having a radius of
c = 0.3 fm. The diamonds were obtained with c = 0.6 fm. Each
point is labeled by the collider beam energy (in GeV/N) for
which the particular freeze-out conditions are expected.
freeze-out densities all the way up to the maximum value
could be explored at a collider facility delivering beam
kinetic energies of up to ≈2.4 GeV per nucleon.
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